Classical members of the UNC6/netrin family are secreted proteins which play a role as long-range cues for directing growth cones. We here identified in mice a novel member netrin-G2 which constitute a subfamily with netrin-G1 among the UNC6/netrin family. Both of these netrin-Gs are characterized by glycosyl phosphatidyl-inositol linkage onto cells, molecular variants presumably generated by alternative splicing and lack of any appreciable affinity to receptors for classical netrins. These genes are preferentially expressed in the central nervous system with complementary distribution in most brain areas, that is netrin-G1 in the dorsal thalamus, olfactory bulb and inferior colliculus, and netrin-G2 in the cerebral cortex, habenular nucleus and superior colliculus. Consistently, immunohistochemical analysis revealed that netrin-G1 molecules are present on thalamocortical but not corticothalamic axons. Thalamic and neocortical neurons extended long neurites on immobilized recombinant netrin-G1 or netrin-G2 in vitro. Immobilized anti-netrin-G1 antibodies altered shapes of cultured thalamic neurons. We propose that netrin-Gs provide short-range cues for axonal and/or dendritic behavior through bi-directional signaling. q
Introduction
During development of the nervous system, growing axons and dendrites come into contact with various secreted factors and membrane proteins. Coordinated actions of these molecules guide axons and dendrites to their final targets to ensure proper wiring of neural circuits. Several protein families, characterized as being secreted or contactmediated, can be attractive or repulsive cues for growth cones (Tessier-Lavigne and Goodman, 1996) . While related molecular mechanisms are to a remarkable degree conserved from invertebrates to vertebrates, divergence of protein family members in vertebrates accounts for development of a more complex nervous system unique to vertebrates (Chisholm and Tessier-Lavigne, 1999) .
The UNC-6/netrin family consists of laminin-related small proteins with phylogenetically conserved roles in attracting some circumferentially growing axons and repelling other axons against the ventral midline of the nervous system (Ishii et al., 1992; Kennedy et al., 1994; Colamarino and Tessier-Lavigne, 1995) . In mice, netrin-1 and netrin-3, which are closely related, had been the only two classical members of the UNC-6/netrin family (Serafini et al., 1996; Püschel, 1999; Wang et al., 1999) . The attraction and repulsion of classical netrins are mediated via two distinct receptor families, DCC and Unc5 (de la Torre et al., 1997; Hong et al., 1999) . These receptor-instructive mechanisms are conserved in all organisms heretofore examined. Two more netrin-related genes in mice have recently been isolated, namely netrin-G1 and netrin-4/b-netrin (Nakashiba et al., 2000; Koch et al., 2000; Yin et al., 2000) . The latter resembles classical netrins in terms of the nature of the secreted material . However, netrin-G1 has characteristics which differ from those of classical netrins, in that netrin-G1 is predominantly linked to the plasma membrane by a glycosyl phosphatidyl-inositol (GPI) lipid anchor and netrin-G1 neither binds to receptors for classical netrins nor attracts circumferentially growing axons from the cerebellar plate in explant cultures (Nakashiba et al., 2000) . The orthologue of netrin-G1 does not exist in the Caenorhabditis elegans or Drosophila melanogaster genome. All these observations suggest that netrin-G1 might play a role in the organization (Nakashiba et al., 2000) , and if so, it is interesting to know whether there are other netrin-G1-related molecules in vertebrates.
We have now identified and characterized a novel member of the netrin-G subfamily, namely netrin-G2. Comparative analysis of both netrin-G1 and netrin-G2 from mice revealed that these genes are expressed in the brain in a complementary fashion, thus implying nonredundant roles, and that immobilized recombinant netrin-Gs have the potential to promote the outgrowth of neurites.
Results

Molecular cloning of netrin-G2, a novel member of the netrin-G subfamily
We earlier isolated GPI-linked netrin-G1 and characterized differences from diffusible classical netrins (Nakashiba et al., 2000) . To determine the divergence of the GPI-linked netrin subfamily in vertebrates, we searched a database (NCBI, BLAST), using as a probe the entire amino acid sequences of netrin-G1a. During this search we found a human EST fragment (accession #, AAD20057), which encodes 260 amino acids closely resembling the C-terminal sequences of netrin-G1 (65% identity). Since the fragment had the C-terminal hydrophobic sequences that might code a signal for GPI linkage, we predicted that this fragment was part of a novel gene of the netrin-G subfamily, and we termed it netrin-G2.
To characterize the netrin-G2 gene, 20 overlapping cDNA clones were isolated from a mouse brain cDNA library. Two of these clones encoded a 530-amino acid peptide composed of an N-terminal signal peptide, one laminin domain VI, three LE motifs (domain V-1 to V-3, or LE1 to LE3) and one domain C 0 (Fig. 1a) . This domain structure resembles those of netrin-1 and netrin-G1a. The Cterminal hydrophobic stretch of netrin-G2, termed domain C 0 , means that this gene is more closely related to netrin-G1 than to classical netrins. Similar to netrin-G1, extensive cDNA analysis revealed that netrin-G2 has variable isoforms, netrin-G2a, -G2b and -G2c, presumably generated by alternative splicing (Fig. 1a) . Netrin-G2b and -G2c had 59 and 34 amino acid insertions between LE1 and LE2 motifs of netrin-G2a, respectively. The overall sequences of netrin-G2a are more closely related to netrin-G1a (58% identity) than to classical netrins (29 , 31%). The domain V (LE motifs) among domains showed the highest degree of similarity to netrin-G1a (68% identity) (Fig. 1c) . As all cysteine residues in this domain are conserved in all members of the UNC-6/netrin family (Fig. 1b) , protein framework of netrin family members is probably conserved. Phylogenetical analysis revealed that netrin-G1 and netrin-G2 comprise a subfamily distantly related to classical netrins (Fig. 1d ).
Preferential expression in the central nervous system
Northern blot hybridization in adult mouse tissues was done using as a probe a cDNA fragment for domain VI. A major band of ,4.1 kb was prominent in the brain (Fig. 2 , upper arrowhead). Trace amounts of transcript were detected in the lung, spleen, kidney, heart and thymus when the same blot underwent a longer exposure (data not shown). A minor band of ,1.5 kb was found only in the brain (Fig. 2, lower arrowhead) . Transcripts of netrin-G2 were detected at E9 in preparations from whole embryos. In the brain, the strong expression from E14 was maintained well into adulthood (Fig. 2b) .
2.3. Cell surface localization of netrin-G2 via GPI anchor and lack of affinity to netrin receptors Netrin-G1 is a GPI-linked protein that lacks affinity to netrin receptors, i.e. DCC and Unc5 families (Nakashiba et al., 2000) . To determine if netrin-G2 has similar properties, we tested the protein localization and binding ability to netrin receptors, using recombinant proteins.
When COS cells expressing netrin-G1d or netrin-G2a were surface-labeled with anti-netrin-G1 or anti-netrin-G2 specific antibodies a patchy distribution of these proteins on the membrane was observed (Fig. 3a,d ). To assess this membrane localization, we examined sensitivity of these proteins to phosphatidylinositol-specific PLC (PI-PLC), which specifically cleaves GPI-linkage. To efficiently quantify the concentration of recombinant proteins in the culture supernatant, we replaced N-terminal signal peptides of netrin-G1 and netrin-G2 with human placental alkaline phosphatase (AP) containing the N-terminal signal sequence then quantified these fusion proteins in the culture supernatant, based on AP activity. The transfected COS cells were treated with or without PI-PLC for 2 h at 378C. The relative AP activities released into culture supernatants in 2 h are given in Fig. 3E . The treatment increased AP activities five to seven times in supernatants of cells transfected with either netrin-G1s or netrin-G2s, yet the same treatment did not affect activity in the supernatant of netrin-1 transformants. These results indicate that netrin-G1 and netrin-G2 are localized on the plasma membrane via a GPIlipid anchor.
Binding to netrin receptors was examined using two distinct series of epitope-tagged recombinant proteins. One is the monomeric protein fused with myc epitope and the other is the dimeric protein fused with the Fc region of human IgG1. In both series of fusion proteins, C-terminal hydrophobic stretches for GPI linkage of netrin-G1 and netrin-G2 were deleted, the result being maximum secretion. These fusion proteins were recovered from the supernatant of transfected 293T cells.
The results of binding experiments using monomeric myc-tagged proteins are shown in Fig. 4 . In culture incubated with myc-tagged chick netrin-1, HEK293 cells expressing DCC detected using an anti-DCC mAb were colabeled on cell surfaces with an anti-myc antibody, thereby indicating specific binding of netrin-1 to DCC (Fig. 4a,d ). In contrast, no signals were detected in cultures treated with myc-tagged netrin-G2a and netrin-G2b (Fig. 4e,f) . In the case of Unc5h3/RCM, receptor expressions were detected with ECFP fluorescence because the cytoplasmic domain of Unc5h3/RCM was replaced with ECFP, a variant of green fluorescence protein (Fig. 4g,h ). Unc5h3/RCM-expressing cells showed binding to chick netrin-1 but not to netrin-G2a Fig. 1 . Structural comparison between netrin-G subfamily (netrin-G1a and netrin-G2a) and classical netrins (netrin-1, netrin-3 and netrin-4). (a) Schematic representation of three netrin-G2 isoforms. N-and C-terminal hydrophobic stretches are indicated by hatched boxes. Insertion sequences between domain V-1 (LE1) and V-2 (LE2) are indicated by gray boxes. Amino acid sequences of the C-terminal half of the insertion of netrin-G2b were identical with those of netrin-G2c. (b) Amino acid alignment of netrin-G2a with other netrin family members in three LE motifs (LE1 to LE3). Amino acid residues identical between netrin-G1a and netrin-G2a are in black. Some of these residues are identical to classical netrins. The brackets above the sequences indicate domain structure (domains V-1, V-2 and V-3). Asterisks indicate the conserved cysteine residues among all members. and netrin-G2 is shown on a gray background. (d) A phylogenetic tree was constructed based on amino acid sequences of C. elegans UNC-6 (P34710), chick netrin-1 (Q90922), chick netrin-2 (Q90923), mouse netrin-1 (AAC52971), mouse netrin-3 (AAD40063), mouse netrin-4 (NP067295), human netrin-1 (NP004813), human NTN2L (NP006172), zebrafish netrin-1 (AAB70266), zebrafish netrin-1a (AAC60252), Drosophila netrin-A (Q24567), Drosophila netrin-B (Q24568), Leech netrin (AAC83376), netrin-G1a (AB038667) and netrin-G2a (AB052336), using the CLUSTAL X program. Netrin-G2 and netrin-G1 is evolutionarily distant from other members of the family, implying that the netrin-G1 and netrin-G2 constitute a netrin-G subfamily. Accession numbers: netrin-G2a (AB052336); netrin-G2b (AB052337) and netrin-G2c (AB052338).
and netrin-G2b (Fig. 4i,j) . The integrity and relative amount of fusion proteins used for these binding assays were estimated by immunoblotting with anti-myc antibody (Fig. 4K ). These test ligands at even a 100 times higher concentration relative to chick netrin-1 failed to bind to DCC and Unc5h3/ RCM. Similarly, netrin-G2 did not bind to Unc5h1 and Unc5h2 (data not shown). We also obtained the same results with Fc-fused netrin-G2a (data not shown). Furthermore, as in the case of netrin-G1 (Nakashiba et al., 2000) , secreted netrin-G2a, in either monomeric or dimeric forms, failed to promote or attract circumferentially growing axons from a cerebellar plate explant in collagen gel matrices (data not shown). Thus, netrin-G2 and netrin-G1 proteins have remarkable similarities in that they have GPI linkages to the plasma membrane and lack affinity to netrin receptors. These results suggest that netrin-G1 and netrin-G2 have roles distinct from classical netrins.
Regional distribution of netrin-G1 and netrin-G2 in brain
To determine the regional distribution of netrin-G2 transcripts in the embryo, whole-mount in situ hybridization analysis was done and we compared the sites of expression of netrin-G2 and netrin-G1. N-terminal coding sequences covering domain VI were used as a probe to detect all isoforms of netrin-G1 or netrin-G2.
As Northern blot analysis revealed the faint expression of netrin-G2 from E9 ( Fig. 2b) , in situ hybridization analysis was begun at E8, but no substantial expression was observed (data not shown). The netrin-G2 expression was detected by E10 at the dorsal root ganglia and boundary of the diencephalon and mesencephalon (Fig. 5d ). By E12, the sites of netrin-G2 expression had expanded to the ventro-lateral telenchephalon and mesencephalon (Fig. 5e ). The netrin-G2 was also expressed at the vibrissaes. In case of netrin-G1, the whole embryo preparation revealed no substantial expression at these stages (Fig. 5a,b) . The hybridization for open-book preparations of the rhombencephalic region at E12 revealed that netrin-G1 and netrin-G2 were similarly and bilaterally expressed far from the floor plate of the myelencephalon (Fig. 5c,f) . These distributions contrasted strikingly with netrin-1, which is known to be expressed in the floor plate . At E14, netrin-G2 (e) PI-PLC sensitivity of recombinant netrin-G2 and netrin-G1 fusion proteins in COS7 cells. At 30 h after transfection, transfected COS7 cells were incubated, with or without PI-PLC, in OptiMEM at 378C for 2 h. The supernatants were clarified by centrifugation and AP activities were measured using a chemiluminescence method. The vertical axis depicts the average ratio of AP activity of PI-PLC treated and not PI-PLC treated supernatants. Isoforms of netrin-G1 and netrin-G2 but not netrin-1 were released into supernatants with PI-PLC treatment. Bar is 50 mm. Developmental profile of netrin-G2 expression. Total RNA was extracted from E9, E10, E11 and E12 whole embryo and E14, E16, P0, P7, P14, P21 and adult dissected brain. The netrin-G2 was strongly expressed during neurogenesis and maintained into adulthood. RNA size is indicated at the left. G3PDH was used as a control for loading of RNA (below). expression covered the entire cerebral cortex but not the olfactory bulb (Fig. 5i,j) . In contrast, netrin-G1 was preferentially expressed in the dorsal area of the olfactory bulb ( Fig. 5g,h ).
Rostro-caudal sequences of P0 brain coronal slices were then hybridized with each probe (Fig. 6 ). In the olfactory bulb, netrin-G1 but not netrin-G2 was expressed in mitral cells of main and accessory olfactory bulbs (Fig. 6a,b ). In the rostral forebrain, netrin-G1 was expressed in the medial part of anterior olfactory nucleus, while netrin-G2 was expressed in the lateral area of anterior olfactory nucleus and on the surface of frontal cortex (Fig. 6c,d ). At the level of the thalamus, netrin-G1 expression was strikingly strong in the dorsal thalamic nuclei (Fig. 6e) . In contrast, netrin-G2 expression was distributed in the parathalamic habenular nucleus, but not in netrin-G1 positive-thalamic nuclei. Netrin-G2 transcripts were broadly distributed in the cerebral cortex (Fig. 6f) . In the midbrain, netrin-G1 was expressed in red nuclei and in a restricted layer(s) of the superior colliculus (Fig. 6g , indicated by an arrowhead). The netrin-G2 was expressed in most areas of the superior colliculus, except for the layer indicated by an arrowhead (Fig. 6h) . At the level of cerebellum, netrin-G1 was expressed in the deep cerebellar nuclei and inferior colliculus (Fig. 6i) . The deep cerebellar nucleus was one of the sites expressing both genes, although sub-regional preferences were evident. In the inferior colliculus, netrin-G2 was expressed in the dorsal midline (Fig. 6j, indicated by an arrowhead). In the medulla, netrin-G1 was detected in the inferior olive and dorsal motor nucleus of the vagus nerve (Fig. 6k) . Thus, the expression of netrin-G1 and that of netrin-G2 partially overlap in the hindbrain, while both are expressed in the forebrain and midbrain in a mutually exclusive manner. Fig. 4 . Lack of affinity of netrin-G2 for classical netrin receptors. DCC was expressed in 293EBNA cells and detected using a mouse monoclonal anti-DCC antibody and Alexa 488 conjugated anti-mouse IgG (green signal) (a, b, c). Unc5h3/RCM, with its cytoplasmic domain replaced with ECFP, was transiently expressed in COS7 cells. The receptor protein expression was detected using ECFP fluorescence (blue signal) (g, h). In the same field, binding of myc-tagged chick netrin-1 (netrin-1/myc) on the cells was detected immunocytochemically (d, i). However, secreted forms of myc-tagged netrin-G2a (sNetrin-G2a/Myc) and netrin-G2b (sNetrin-G2b/Myc) showed no binding to cells expressing either receptors, even at higher concentrations (e, f, j). Similar results were obtained with cells expressing Unc5h1 or Unc5h2 receptors. (k) Represents relative concentrations of test ligands used in binding experiments, revealed by anti-myc immunoblotting. Shown are representative results from one of three independent experiments. Bar is 20 mm.
Localization of netrin-G proteins in vivo
We next examined the distribution of netrin-G proteins immunohistochemically, using polyclonal antibodies against netrin-G1 or netrin-G2. Immunostaining of COS7 cells transiently expressing either full-length netrin-G1 or Fig. 5 . A comparison of expression between netrin-G1 and netrin-G2 in the mouse embryonic nervous system, as revealed by in situ hybridization. Whole embryo at E10 (a, d) and E12 (b, e), and dissected brain (c, f, g-j) were hybridized with digoxigenin-labeled antisense cRNA probes specific for netrin-G1 (a-c, g, h) or netrin-G2 (d-f, i, j). Sense probes for both netrin-G1 and netrin-G2 showed no signal under the conditions used (data not shown). The expression of netrin-G2 was detected from E10 (d) at the boundary between diencephalon and mesencephalon (arrowhead) and expanded caudally (e). Hindbrain of E12 was cut along the dorsal midline and flat-mounted with the pial-side down (c, f). Neither gene was expressed in the ventral midline, floor plate (arrowhead in c, f). At E14 telencephlon, expression of netrin-G2 covered the entire telencephalon without olfactory bulb (i, j). In contrast, netrin-G1 expression was restricted to the dorsal part of the olfactory bulb (g, h). CP, cerebellar primordium; DRG, dorsal root ganglia; Met, metencephalon; Mye, myelencephalon; OB, olfactory bulb; Tel, telencephalic vesicle; SC, superior colliculus; Vi, vibrissae. Bar: 1.6 mm (a, d); 2.6 mm (b, e); 1.4 mm (c, f); 1.0 mm (g, i); 1.3 mm (h, j). Fig. 6 . Differential expression of netrin-G1 and netrin-G2 in neonatal brain revealed by in situ hybridization. Coronal slices (300 mm) at P0 were hybridized with cRNA probes specific for netrin-G1 (a, c, e, g, i, k, m) or netrin-G2 (b, d, f, h, j, l, n). Representative slices are shown in the rostrocaudal sequence from top to bottom. (m, n) Parasagittal slice of P0 brain. AOB, accessory olfactory bulb; AON, accessory olfactory nucleus; Cx, cerebral cortex; DCN, deep cerebellar nuclei; Fr, frontal cortex; Hb, habenular nucleus; HP, hippocampal formation; IC, inferior colliculus; IO, inferior olive; MOB, main olfactory bulb; N10n, dorsal nucleus of the tenth nerve (motor, vagus); OB, olfactory bulb; Pir, piriform cortex; RN, red nucleus; SC, superior colliculus; TH, thalamus. Bar: 1.2 mm (a, b, e, f, i, j); 1.0 mm (c, d, g, h, k, l); 1.7 mm (m, n).
netrin-G2 revealed specificity of these antibodies to netrin-G1 and netrin-G2 and no cross-reactivities to these proteins (Fig. 3a,d ). The specificity of anti-netrin-G1 antibody was further confirmed with netrin-G1 null mutants (unpublished observation). By E16, netrin-G1 proteins were detected at the dorsal thalamus (Fig. 7a) in agreement with results of in situ hybridization (Fig. 6e) . Netrin-G1 proteins were also localized at thalamocortical axons (Fig. 7a,e) . At this stage, these axons were projected ventrally from the dorsal thalamus toward the lateral part of the ventral thalamus, and turned laterally toward the medial part of the ventral telencephalon at the boundary between the ventral thalamus and hypothalamus (Fig. 7a) . At E16, the site of netrin-G1 immunoreactivity reached the dorso-medial cortical wall in the subplate layer (Fig. 7e) . Double staining with CS-56 antibodies against chondroitin sulfate proteoglycan (CSPG), a marker protein for the marginal zone and subplate ( Fig. 7f ; Bicknese et al., 1994) , demonstrated that netrin-G1 immunoreactivity extended along the CSPG-enriched pathway at the subplate layer (Fig. 7g) . In contrast, TAG1, a cell adhe- sion molecule of the immunoglobulin superfamily, was distributed in the cortico-thalamic pathway ( Fig. 7b,i ; Wolfer et al., 1994) . Double staining of netrin-G1 and TAG-1 showed a clearly dissociated localization of these two proteins (Fig. 7j) . L1, another cell adhesion molecule of the immunoglobulin superfamily, showed a broader distribution (Fig. 7c,k) . Apparently the L1 signals overlapped with both TAG-1 and netrin-G1 immunoreactivities (Fig.  7l) .
In the E14 brain, immunoreactivity with anti-netrin-G2 antiserum but not with pre-immune serum was detected at the cortical plate (data not shown), in agreement with results of in situ hybridization done to localize the netrin-G2 transcripts (Fig. 6f) . The specificity of the signals will need to be confirmed using null-mutants for netrin-G2.
2.6. Netrin-G1 and netrin-G2 have neurite outgrowth promoting activity
The membrane localization of netrin-Gs via the GPI anchor and their expression pattern suggest that netrin-Gs may play a role in axonal and/or dendritic growth and guidance, as local cues. We then determined if netrin-G proteins immobilized on culture dishes would support neurite extension or other cellular behavior. Netrin-G1d and netrin-G2a (over 95% purity) were immobilized on nitrocellulose-coated tissue culture dishes (Lemmon et al., 1989) , the cells were plated in these dishes and we examined their potential to promote neurite extension. Laminin, a netrin-related extracellular matrix protein, and bovine serum albumin (BSA) served as positive and negative controls, respectively. Laminins act as an effective neurite outgrowth promoting substrate (Furley et al., 1990) . The results of in situ hybridization analysis and immunohistochemical localization emphasized the functional relationships of netrin-Gs to interact between the thalamus and cortex. Thus, we tested cells dissociated from the tissues corresponding to the dorsal thalamus and neocortex from E13 and E16 feta, respectively. To visualize cell bodies and neurites of cultured neurons we used toluidine blue staining (Faissner et al., 1994) .
Twenty-four hours after plating, neocortical neurons showed extended neurites on laminins (Fig. 8d,k,l) . Netrin-G1d and netrin-G2a were as effective as laminins for cortical neurons (Fig. 8b,c,k,l) . Dorsal thalamic neurons from E13 fetus were cultured for a longer period (50 h) because the neurite growth potential was slower, probably reflecting their immature status at the time of preparation. Laminin was the most effective substrate for the thalamic cells (Fig. 8i,m,n) , netrin-G1 and netrin-G2 also promoted remarkable neurite outgrowth activities, compared to BSA control ( Fig. 8f-h,n) . BSA and negative control of purification procedures (see Experimental procedures) did not show any appreciable growth promoting activities (Fig. 8a,f ,l,n and data not shown). Most neocortical neurons grown on the netrin-G1, netrin-G2 and laminin substrates showed mono-(50.9, 44.0 and 32.8%, respectively) or bi-polar (37.7, 46.6 and 53.4%, respectively) shapes. Most thalamic neurons grown on the netrin-G1, netrin-G2 and laminin substrates had two or more neurites (82.8, 81.5 and 84.5%, respectively).
To clarify whether netrin-Gs act on axons or dendrites or both, we did immunocytochemical studies, using axon marker tau-1. In cultures of neocortical neurons, cells extended a long, thin neurite, which showed characteristic tau-1 immunoreactivity and which was particularly strong at the distal portion of process (Fig. 8o,p) . These features satisfy the characteristics of axons (Mandell and Banker, 1995) . On the other hand, shorter neurites observed in a population of cells were generally thick at the base, and were weakly labeled only at the proximal area; these characterize dendrite precursors. We observed no significant tau-1 signals on thalamic neurons, probably reflecting their immature state. These results suggest that immobilized netrin-Gs are potent substrates for axonal and dendritic extension.
Netrin-G1 protein was localized at the axon of the thalamus via the GPI-lipid anchor. To determine if the GPIanchored netrin-G1 protein cell autonomously transduces signals from extracellular milieu to the cytoplasm, as does ephrin A (Davy et al., 1999) , we cultured dorsal thalamic neurons from E13 expressing netrin-G1 proteins on dishes coated with anti-netrin-G1 antibodies. The antibodies would cross-link netrin-G1 proteins expressed on membranes of dorsal thalamic neurons. As a negative control, normal rabbit IgG was used. After 50 h in culture, dorsal thalamic cells on the anti-netrin-G1 antibodies showed lamellipodia which had short neurite extensions, while control IgG induced no such alterations (Fig. 9a,b) . Size of cell was significantly different between the two antibody groups (Mann-Whitney U-test, P , 0:0001; Fig. 9c ). Anti-netrin-G1 antibodies did not induce such morphological changes in cortical cells, which are predicted to express netrin-G1 at a negligible level. These observations suggest that cross-linking of GPI-linked netrin-G1 transduced retrograde signals to intracellular cytoskeletal components.
Discussion
Evidence for the netrin-G subfamily in vertebrates
All members of the UNC-6/netrin family have the same domain structure as the N-terminal domain of the laminin subunit. There is one globular domain (domain VI) followed by three LE (or domain V) repeats. Domain C, C-terminal domain of classical netrin, is related to the domain of some complement proteins and frizzled-related proteins and is also known as NTR module (Ishii et al., 1992; Banyai and Patthy, 1999) . The domain C (NTR module) of classical netrins interacts with heparin and the cell surface electrostatically, thus regulating diffusion of Fig. 8 . Neurite outgrowth-promoting activity of netrin-G1 and netrin-G2. Neocortical neuron from E16 mouse (a-e) or dorsal thalamic neuron from E13 mouse (f-j) were plated on control, netrin-G1d, netrin-G2a, laminin and poly-d-lysine for 24 or 50 h, respectively. Cells were fixed and stained with toluidine blue. Note the increased neurite lengths on the netrin-G1d, netrin-G2a and laminin substrate in contrast to control substrate and poly-d-lysine. Photomicrographs of cultured neurons on dishes coated with 50 mg/ml netrin-G1d (b, g), netrin-G2a (c, h), laminin (d, i) . Control substrate (a, f) is a negative control for purification procedure (see Experimental procedures, Section 4). Poly-d-lysine (e, j). The wells were further blocked with BSA (10 mg/ml). Bar is 50 mm. The length of the longest neurite of each neuron was measured. The percentage of neurons (ordinate) with neurites longer than the given length in micrometers (abscissa) is plotted for neocortical neuron (k) and dorsal thalamic neuron (m). The percentage of the neocortical (l) and dorsal thalamic (n) neurons that had neurites longer than 50 mm are indicated. Immunocytochemistry with the anti-tau-1 mAb revealed axon-like characteristics of the longest neurites of cortical cells grown on netrin-G1 (o) and netrin-G2 (p). Arrows indicate the axon-like processes. Arrowheads indicate the ends of dendrite-like processes.
proteins from the secreted sites Kappler et al., 2000) . Earlier, we identified netrin-G1 to be a novel member of the UNC6/netrin family, based on the domain structure (Nakashiba et al., 2000) . However, netrin-G1 is very distinct from classical netrins, in that netrin-G1 has a C-terminal signal for the GPI-lipid linkage instead of the NTR module, resulting in cell membrane localization, and multiple isoforms are generated, presumably by alternative splicing. Netrin-G1 has no appreciable affinity to any netrin receptor so far examined, which suggests roles independent of classic netrins. In the present study, we identified a novel member, namely netrin-G2. Multiple measures, including sequence homology and protein characters, suggested that netrin-G1 and netrin-G2 constitute the netrin-G subfamily.
The sequence from domain VI to the third LE repeat of netrin-G2 is closer to that of laminin g1 chain (33%) than laminin b1 chain (31%), a common feature of the UNC-6/ netrin family, except for netrin-4/b-netrin (Ishii et al., 1992; Serafini et al., 1994; Koch et al., 2000; Yin et al., 2000) . The C-terminal sequence of netrin-G2 codes for a signal for GPI linkage (Fig. 3e) and is named domain C 0 , as in the case of netrin-G1. Although the association of netrins with the cell surface is a conserved feature of nervous system development, our observations suggest that netrin-G2, as well as netrin-G1, is particularly specialized as a contact-mediated local cue at the site of expression.
Similar to netrin-G1, netrin-G2 has multiple isoforms probably generated by alternative splicing. Interestingly, for both netrin-G1 and netrin-G2, some isoforms have insertions after the LE1 motif of the domain V (Fig. 1a,b ; Nakashiba et al., 2000) . As domain V shows the highest homology between netrin-G1 and netrin-G2, its particular importance in protein-protein interaction is implied (Fig.  1b,c) . The insertions might possibly contribute to diversifying functions of the netrin-G subfamily members.
The search for complete genome databases of C. elegans and D. melanogaster indicates that netrin-G1 and netrin-G2 orthologues do not exist in these species. On the other hand, sequences related to netrin-Gs have been detected in humans and chickens. Members of DCC and Unc5 families are receptors for classical netrins (Keino-Masu et al., 1996; Leonardo et al., 1997; Wang et al., 1999) . Netrin-Gs show no appreciable affinity to the classical netrin receptors so far examined, DCC, Unc5h1, Unc5h2 and Unc5h3/RCM in the heterologous expression system (Fig. 4) . If netrin-Gs use classical netrin receptors, unidentified co-receptors must be needed. Taken together, we suggest that in vertebrates netrin-Gs and their putative receptors emerged independently from classical netrins. Whether or not netrin-G1 and netrin-G2 share the same groups of receptor molecules will need to be determined.
Complementary expression of netrin-G1 and netrin-G2 in the central nervous system
Transcripts of netrin-G1 and netrin-G2 were strongly expressed in the developing nervous system and expression sites of these two genes are regionally dissociated. At E14, netrin-G1 was strongly expressed in the dorsal part of the olfactory bulb, but not in the cortical wall, while netrin-G2 was strongly expressed in the entire cortical wall, but not in the olfactory bulb. Furthermore, netrin-G1 expression was noted at the dorsal thalamic nuclei and inferior colliculus, while netrin-G2 expression was seen at the habenular nucleus and superior colliculus, at the neonatal stage (Fig.  6e-j,m,n) . The expression patterns of these genes, which define domains with sharp boundaries, are maintained from embryonic to neonatal stages (Fig. 6m,n) . The boundaries are similar to those of the neuromere model (Rubenstein et al., 1998) . These observations suggest nonredundant functions of netrin-G1 and netrin-G2 in most fore-and mid-brain regions, and imply that netrin-Gs may be partly involved in the formation of neuromeres.
In contrast to the above observations, overlapped expressions of these genes were observed in some brain regions, that is deep cerebellar nuclei and both sides far from the floor plate at myelencephalon (Figs. 5c,f and 6i,j) . These genes may partly play redundant roles at these sites. However, it remains to be determined at single cell resolution whether both genes are expressed in the same cell, as sub-regional preferences of two genes were noted in the deep cerebellar nuclei. Fig. 9 . Morphological change induced by immobilized anti-netrin-G1 antibody. Dorsal thalamic neurons from E13 mice, which expressed netrin-G1, were plated on dishes coated with 500 mg/ml anti-netrin-G1 antibody (a) or normal rabbit IgG (b). Cells were fixed after 50 h and stained with toluidine blue. Note lamellipodia formed around the cell body on the anti-netrin-G1 antibody substrate. Bar is 50 mm. (c) There were significant differences in two-dimensional cell sizes between two antibody groups (Mann-Whitney U-test, P , 0:0001; n ¼ 306 for anti-netrin-G1, n ¼ 452 for normal IgG). Represented are mean^SD.
As is consistent with in situ hybridization data (Fig. 6e) , anti-netrin-G1 antibodies labeled the majority, if not all, of cells in the dorsal thalamus (Fig. 7a,e) . The immunoreactive signals originated from the dorsal thalamus and reached the internal capsule by E14 and the cerebral wall by E16, thereby indicating a nature associated with thalamocortical axons. The signals were localized on the CSPG-rich zone in the cerebral wall (Fig. 7g) . This observation is consistent with a report that thalamocortical axons visualized by DiI labeling extended along the CSPG-enriched pathway (Bicknese et al., 1994) . On the other hand, corticofugal axons were selectively labeled with anti-TAG-1 antibodies (Fig.  7b,i ; Wolfer et al., 1994; Fukuda et al., 1997) . We observed that TAG-1 and netrin-G1 signals did not overlap in the cerebral wall on embryonic day 16 (Fig. 7j) . These findings supported the notion that the thalamocortical and corticothalamic pathways pass regionally distinct compartments in the cerebral wall as has been suggested elsewhere (Bicknese et al., 1994) . Both these pathways pass the L1 positive zone. Thus the netrin-G1 should provide a selective molecular marker for thalamocortical fibers.
Neurite outgrowth promoting activity of netrin-Gs: bidirectional signaling
We assumed that netrin-Gs also has a role in axon guidance, as do classical netrins. To test this possibility, we examined the effects of cell-aggregates secreting netrin-Gs to various brain tissue explants co-cultured in the collagen gel matrix, including the cerebral cortex, thalamus and cerebellar plate. Unlike netrin-1, secreted forms of netrin-G proteins did not show appreciable growth promoting and/or attraction-related activities in our experiments (Nakashiba et al., 2000 ; and data not shown). We thus hypothesized that membrane attachment or clustering might be important for their activities, as in the case of membrane-bound ephrin ligands (Davis et al., 1994) . To test this hypothesis, we immobilized netrin-G1 and netrin-G2 proteins on culture dishes, and examined the cellular behavior of dissociated neurons cultured on these proteins.
As predicted, immobilized netrin-G1 and netrin-G2 promoted neurite outgrowth on dissociated neurons. Immunocytochemical characterization of neurites based on tau-1 localization indicated that both proteins act effectively on axons and in part, on dendrites. Both proteins showed activities for cortical neurons equivalent to that of laminin, a well-known substrate for this growth assay (Furley et al., 1990) . Thalamic neurons also showed significant neurite outgrowth on these substrates. Our findings are reminiscent of the data that neurite growth promoters present in the embryonic cortical plate are predominantly GPI-linked (Tuttle et al., 1995) . Homophilic as well as heterophilic interactions of netrin-Gs may mediate neurite outgrowth. This is, however, unlikely, because monomeric and dimeric forms of soluble netrin-G1 or netrin-G2 show no detectable affinities for netrin-G1 or netrin-G2 present on the cell membrane (data not shown).
GPI-linked netrin-Gs may also act as signaling-competent receptors, participating in bi-directional signaling, as ephrins (Davy et al., 1999; Davy and Robbins, 2000) . It has been well documented that engagement of GPI-linked molecules to immune cells triggers molecular cascades involving kinases of the src family (Brown, 1993) . To test this possibility, we cultured cortical and thalamic neurons on immobilized anti-netrin-G1 antibodies. This culturing system promoted less evident neurite outgrowth but did alter the cell shape, suggesting re-organization of cytoskeletal components. As this alteration was selectively induced in dorsal thalamic neurons, expressing netrin-G1 at the highest level, a certain specificity is suggested. Taken together, membrane-bound netrin-Gs may regulate axonal and/or dendritic growth and guidance through bi-directional mechanisms.
It is noteworthy that netrin-G1 and netrin-G2 are expressed in the adult mouse brain. Interestingly, immunoreactivities to netrin-G1 were detected in several areas in the adult brain, such as the perforant pathway from the entorhinal cortex and the olfactory pathway in the piriform cortex (data not shown). Furthermore, netrin-G2 is transcribed at a high level in the adult cerebral cortex. Netrin-Gs may, therefore, play a role in the plasticity of neuronal circuitries associated with sensory and/or cognitive functions in adults. This may explain why netrin-G members with multiple variants have evolved in vertebrates.
Experimental procedures
Animals
C57BL/6 mice were purchased from Japan Clea (Tokyo, Japan), and bred in the Animal Facility of RIKEN Brain Science Institute. All experimental protocols were approved by the RIKEN Institutional Animal Care and Use Committee. The day on which a copulatory plug was present was considered as E0 and the day of birth was considered as postnatal day 0 (P0).
cDNA cloning
A human cDNA fragment (accession #, AAD20057) encoding the netrin-G2 candidate was obtained in silico from a BLAST search against the entire amino acid sequence of mouse netrin-G1a (accession #, AB038667). A further search of this fragment against database EST resulted in identification of a 263-bp mouse EST sequence (accession #, AI850147) covering domain V-1. This fragment, amplified from P0 cerebellum cDNA by polymerase chain reaction (PCR), served as a probe to screen full-length cDNA clones from a brain cDNA library (Clontech, Cambridge, UK).
Northern blot hybridization
Total RNA (20 mg) was electrophoresed through 1% agarose gel and transferred to Hybond N filters. These filters were then hybridized with 32 P-labeled cDNA probes covering domain VI and laminin EGF-like domain (LE)-1 (1104 , 912 nt), and analyzed, as described (Nakashiba et al., 2000) . An image analyzer (BAS5000; Fuji film, Tokyo, Japan) was used.
Construction of mammalian expression vectors
Five types of expression vectors were constructed. (1) The entire coding sequences of netrin-G2a were ligated into pcDNA4Myc/HisA (Invitrogen, San Diego, CA) between HindIII and PmeI sites, resulting in synthesis of intact proteins. (2) For the experiment of PI-PLC treatment, N-terminal 15 amino acids for signal peptide of netrin-G1 and netrin-G2 were replaced with the coding sequence of human placental AP containing the N-terminal signal sequence. These ligated fragments were subcloned into EcoRI and PmeI sites of pcDNA4Myc/HisA, resulting in N-terminal AP-fused proteins with an intact C-terminal hydrophobic stretch of netrin-Gs coding the putative signal for GPI linkage. (3 and 4) For receptor binding experiments, Myc/His epitope or the Fc region of human IgG1 was replaced with C-terminal 26 amino acids to maximize extracellular secretion. In brief, HindIII and XbaI adaptors were attached to the 5 0 or 3 0 ends, respectively, of the entire coding sequence of netrin-G2 by PCR, and the amplified fragments were subcloned into the same sites of pcDNA4-Myc/HisA resulting in C-terminal fusion to Myc/His-tag sequences. SalI and SpeI adaptors were used to introduce netrin-G2 sequences into pEF-Fc (Yoshihara et al., 1994) resulting in C-terminal fusion of the Fc region of human IgG1. (5) To prepare immunizing antigens, cDNA fragments coding domain VI and LE1 of netrin-G2 were fused to Myc/His tagged sequence in pcDNA4Myc/HisA. The Myc/His tagged vector for netrin-G1 antigens was as described (Nakashiba et al., 2000) .
Antibodies
Antibodies against netrin-G1 or netrin-G2 were produced by immunizing rabbits with purified recombinant Myc/Histagged fusion proteins. These fusion proteins were recovered from conditioned media of human embryonic kidney 293T cells stably secreting netrin-G1d Myc/His (Nakashiba et al., 2000) or N-terminal two thirds of netrin-G2a (Domain VI and LE1) fused to Myc/His, and purified on a Ni-NTA affinity column (QIAGEN, Hilden, Germany) with .95% purity. IgG fraction was purified from antisera by protein-G Sepharose chromatography (Amersham Pharmacia Biotech, Uppsala, Sweden). This IgG fraction was used in immunohistochemistry and neurite outgrowth assays.
Others include rabbit polyclonal anti-cytoplasmic domain of L1 (Schaefer et al., 1999 ; a kind gift from Dr V. Lemmon, Case Western Reserve University, OH), mouse mAb anti-CSPG (CS-56 antibody; IgM, purchased from SIGMA, St. Louis, MO), mouse mAb anti-tau-1 (Chemicon International, Temecula, CA) and mouse mAb anti-TAG-1 (4D7 antibody; IgM). The 4D7 antibody developed by Dr M. Yamamoto was obtained from DSHB and developed under the auspices of the NICHD and maintained at the University of Iowa, Department of Biological Sciences, Iowa City, IA 52242.
Immunocytochemistry and immunohistochemistry
For cell surface staining, transfected COS cells expressing full-length netrin-G1 or netrin-G2 were incubated with antisera (1:1000 , 2000) against netrin-G1 or netrin-G2 at 48C for 1 h. After washing with phosphate buffered saline (PBS), cells were fixed, blocked and incubated with a secondary antibody, Alexa 546 conjugated anti-rabbit IgG (Molecular Probes, Eugene, OR). For immunohistochemistry, fetuses were removed by cesarean section at various stages of development and transcardially perfused with 4% paraformaldehyde in PBS. The brains were removed, post-fixed in the same fixative for 24 h and cryoprotected in 30% sucrose until they sank. Coronal sections (20-mm thick) were prepared. The primary antibodies were incubated for 12 h at room temperature. For double staining, Alexa 488 conjugated anti-rabbit IgG (Molecular Probes) and Cy3 conjugated anti-mouse IgM (Jackson Immunoresearch, West Grove, PA) were incubated for 1 h and sections were counterstained with DAPI (Molecular Probes).
Transient expression and PI-PLC treatment
COS cells were plated in 24 wells at 5 £ 10 4 cells per well. After 24 h, these cells were transfected with the above mentioned N-terminal AP-fused expression vectors, using CellPhect transfection kits (Amersham Pharmacia Biotech). After 30 h, transfected cells were incubated with 300 ml of OptiMEM I (Life Technologies, Gaithersburg, MD) for 2 h at 378C, with of without 200 mU/ml PI-PLC (Sigma). The culture media were clarified by centrifugation and AP activities of the supernatants were measured using Great EscAPe Chemiluminescence Detection Kit (Clontech).
Receptor binding experiments
All experiments were carried out as described (Nakashiba et al., 2000) . The recombinant proteins of myc-tagged netrin-1 and the myc-tagged soluble form of netrin-G2a and netrin-G2b were recovered as conditioned media from stable transformants. Quality and quantity of fusion proteins in the conditioned media were determined by Western blot analysis using the anti-myc antibody (9E10) (Boehringer Mannheim, Mannheim, Germany). Fc fusion proteins were recovered as conditioned media from transient trans-formants. The concentration and integrity were determined using an anti-Fc antibody (Promega, Madison, WI). In case of Fc-tagged proteins, binding was visualized using APconjugated anti-Fc antibody (Promega) and BM purple (Boehringer Mannheim).
In situ hybridization
To prepare netrin-G2 probes, cDNA sequence of the common N-terminal half was transferred into the PstI site of pSP72 (Promega). Netrin-G1 probes were as described elsewhere (Nakashiba et al., 2000) . Antisense and sense riboprobes were labeled with digoxigenin-dUTP from linearized templates, using SP6 and T7 RNA polymerases (Boehringer Mannheim), respectively. In situ hybridization of whole-mount or vibratome prepared slices of mouse brain was carried out, as described (Nakashiba et al., 2000) .
Neurite outgrowth assay
Purified myc/His fusion proteins (10, 25 and 50 mg/ml) were adsorbed onto nitrocellulose-coated 96 well culture plates (Lemmon et al., 1989) , as substrates. As positive controls, laminin (50 mg/ml, Becton Dickinson) was used. For negative controls of purification procedures, conditioned medium from transfected 293T cells by the parental vector (pcDNA4Myc/HisA) was placed on an Ni-NTA affinity column. The fraction prepared using the same protocol used for purification of netrin-G1d Myc/His and netrin-G2a Myc/His was adsorbed onto culture plates. This fraction included trace amounts of non-specific binding proteins on the Ni-NTA affinity column. The coated wells were then blocked with BSA (10 mg/ml, Sigma), which provided a further control for background neurite outgrowth. Neocortex was dissected from the E16 fetus. Cells dissociated by trituration were plated on the immobilized substrates at a density of 1000 per well and grown for 24 h. Dorsal thalamus from E13 fetus was dissociated, and 500 cells were plated on a well and grown for 50 h. For antibody substrate, affinity-purified IgG from anti-netrin-G1 rabbit antiserum (500 mg/ml) was coated, as above. Normal rabbit IgG (500 mg/ml) obtained using the same purification procedure served as negative controls. The culture medium used was neurobasal with 2% B-27 supplement, 2 mM l-glutamine and penicillin/streptomycin (Gibco BRL). Cells were fixed with 2.5% glutaraldehyde in PBS for 1 h, and stained with 0.5% toluidine blue in 2.5% sodium carbonate (Faissner et al., 1994) . Neurite length was measured as the distance between the center of the soma and the tip of its longest neurite. More than 250 neurites were measured in individual protein-coated wells. Two-dimensional size of individual cell was also measured.
Morphological data analysis
Fluorescence images were obtained using a CCD camera (Princeton Instruments, Trenton, NJ) with Metamorph software (Roper Scientific). For other images were acquired with a digital camera system (DP50; Olympus, Tokyo, Japan). Morphometric measures in the neurite outgrowth assay were analyzed using the public domain NIH Image program (developed at the US National Institutes of Health and available on the internet at http://rsb.info.nih.gov/nih-image).
